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Abstract: 
Bismuth based oxides exhibit outstanding oxygen ionic conductivity and fast oxygen surface 
kinetics and have shown great potential as a highly active component for electrode materials 
in solid oxide fuel cells (SOFC). Herein, a Nb-doped La0.6Sr0.4Co0.2Fe0.7Nb0.1O3-δ (LSCFNb) 
electrode with 40% Er0.4Bi1.6O3 (ESB) composite electrode was successfully fabricated by 
decoration method and directly assembled on barrier-layer-free yttrium stabilized zirconia 
(YSZ) electrolyte cells, achieving a peak power density of 1.32 W cm-2 and excellent stability 




at 750oC and 250 mAcm-2 for 100 hrs. ESB decoration also significantly reduces the activation 
energy from 214 kJ mol-1 for the O2 reduction on pristine LSCFNb electrode to 98 kJ mol
-1. 
Further microstructural analysis reveals that there is a redistribution and migration of the ESB 
phase in the ESB-LSCFNb composite towards the YSZ electrolyte under the influence of 
cathodic polarization, forming a thin ESB layer at the cathode/YSZ electrolyte interface. The 
in situ formed ESB layer not only prevents the direct contact and subsequent reaction between 
segregated SrO and YSZ electrolyte, but also remarkably promotes the oxygen 
migration/diffusion at the interface for O2 reduction reaction, resulting in a remarkable increase 
in power output and decrease in activation energy. The present study clearly demonstrated the 
in situ formation of a highly functional and active ESB protective layer at LSCFNb cobaltite 
cathode and YSZ electrolyte interface via ESB decorated LSCFNb composite cathode under 
SOFC operation conditions. 
 
1. Introduction 
Solid oxide fuel cells (SOFCs) are the most efficient energy conversion devices to 
electrochemically convert the chemical energy of fuels such as hydrogen and natural gas to 
electricity with intrinsically high efficiency, low pollutant emissions and flexible fuel options.1-
4 However, the development of conventional SOFCs operated at high temperatures of ~1000oC 
has been retarded by problems of high manufacturing and maintenance cost and high 
performance degradation due to microstructure degradation,5-7 cation inter-diffusion,8-9 
contamination10-11 and chemical reactions at the electrode/electrolyte interface.12-14 Thus, 
significant effort has been made to reduce the operating temperature to intermediate and low 
temperatures of 500-800oC to increase the durability, thermal compatibility and thermal cycle 
capability and to reduce the fabrication and materials costs of SOFCs.1, 15-16 With the reduction 




in operating temperature, the cell performance is increasingly dominated by the polarization 
losses of electrode reactions, especially at the cathode side due to the slow oxygen reduction 
reaction (ORR).17 Mixed ionic and electronic conducting (MIEC) material such as 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) is probably the most popular and studied cathode for 
intermediate and low temperature SOFCs because of its superior mixed electronic conductivity 
(~250 S cm-1 at 800oC) 18 and oxygen ionic conductivity (~0.2 S cm-1 at 900oC),19-20 excellent 
oxygen surface exchange rate and high electrocatalytic activity for ORR.21-26 Unfortunately, 
the activation energy of LSCF based cathode for ORR is in the range of 130-160 kJ mol-1.26-28 
The high activation energy implies the significant increase of polarization resistance with the 
decrease of operating temperature for the reaction on LSCF based cathodes. Nevertheless, 
recent studies have shown the promising development of high performance cathode materials 
that are capable of operating at very low temperatures.29-30 For example, Li et al.31 synthesized 
a niobium and tantalum co-substituted SrCo0.8NbTa0.1O3-δ perovskite cathode material, 
achieving a high peak power density of 1.2 W cm-2 at 500 oC in a Gd0.1Ce0.9O1.95 (GDC)-based 
anode supported cell. Zhu et al.32 developed a Sr0.95Ag0.05Nb0.1Co0.9O3-δ (SANC) high 
performance cathode material, which is able to exsolve A-site silver nanoparticles. The anode 
supported cell with the Ag decorated SANC cathode demonstrated a high power density of 
1.11 W cm-2 at 500 oC and stability for 140 h at a current density of 0.625 A cm-2. In addition, 
Duan et al.33 designed a Zr and Y co-doped BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) perovskite 
cathode material, which exhibits a high ORR activity, excellent low temperature performance 
and long term operation stability. For instance, an anode-supported GDC electrolyte cell with 
the BCFZY0.1 cathode achieved a high power density of 0.97 W cm-2 at 500 oC and is very 
stable for 2500 h. 
  Doped bismuth oxides such as erbium stabilized bismuth oxide (ESB) have been reported 
to possess excellent oxygen surface exchange kinetics and one to two orders of magnitude 




larger ionic conductivities as compared to conventional yttria stabilized zirconia (YSZ) at 
intermediate and low temperatures (0.023 S cm-1 at 500 oC and 0.37 S cm-1 at 700 oC).34-36 
Doped bismuth oxides have been applied as electrolyte,37 an interfacial layer between the 
electrolyte and cathode,38-39 as well as an active component for La0.8Sr0.2MnO3-δ (LSM),
40-41 
Pr0.5Ba0.5MnO3 
42 and composite cathodes.43-45 However, due to its low melting point 
temperature, high reactivity and phase instability in reducing atmosphere, the adoption of 
doped bismuth oxide is not as popular as other oxygen ion conductors. There is also a concern 
in the incorporation of bismuth oxide into cobaltite perovskite electrodes due to its high 
reactivity with cobaltite materials.46-48 For instance, Lee et al. investigated the compatibility 
between ESB and LSCF after been heated at 850 oC for 1 h and observed significant new phase 
formation.46 ESB reacted with LSCF, forming a La(Sr,Bi)CoO3-δ phase at the LSCF/ESB 
interface.47 It was reported that LSCF started to react with yttria stabilized bismuth oxide (YSB) 
at 650oC, but by infiltrating YSB into LSCF scaffold followed by 600oC sintering, the 
performance of the YSB-LSCF cell with proton conducting electrolyte was significantly 
enhanced, reaching a peak power density of 167 mW cm-2 at 550 oC.48  
Most recently, we have shown that the incorporation of ESB with LSM and 
Sm0.95Co0.95Pd0.05O3-δ (SmCPd) composite electrodes via a decoration technique without pre-
sintering process at high temperatures significantly enhances the performance of the cathode.49-
50 For example, an anode supported YSZ electrolyte cell with directly assembled ESB 
decorated LSM cathode exhibited a peak power density of 1.62 W cm-2 at 750 oC, and excellent 
operation stability in reversible solid oxide cell (SOC) modes for more than 200 h.49 The 
decoration method has significant advantages over the conventional composite by mechanical 
mixing or infiltration techniques. Bismuth oxide based composite electrodes prepared by 
mechanical mixing require a high temperature pre-sintering step,40, 46, 51 which can be 
detrimental to the phase and structural stability of bismuth oxide phase. The infiltration 




technique avoids the high temperature sintering step, but the process is time consuming and 
the loading of the infiltrated phase is limited.52 Excess infiltration also reduces the porosity and 
increases the diffusion resistance for the reaction.53 Decoration methods used in this study not 
only avoid the high temperature sintering but also are highly flexible in the component 
composition without detrimental effect on the microstructure.  
In this work, ESB decoration is applied to cobaltite based perovskite cathode such as Nb-
doped LSCF (LSCFNb) to form an ESB decorated LSCFNb composite cathode directly 
assembled on YSZ electrolyte. The use of B-site doping with high valence cations like niobium 
is to reduce the Sr segregation and therefore increase the structural stability of LSCF.54-55 The 
results indicate that there is a redistribution of ESB phase in the ESB-LSCFNb composite under 
polarization conditions, forming an ESB interlayer at the cathode/YSZ interface. Such formed 
interlayer prevents the direct contact between the segregated SrO and YSZ, resulting in the 
significant enhancement of the performance of LSCFNb cathode.   
2. Experimental 
2.1. Synthesis and fabrication of ESB decorated LSCFNb cathode and anode-supported cell  
    La0.6Sr0.4Co0.2Fe0.7Nb0.1O3-δ (LSCFNb) powder was synthesized by sol-gel method. The 
starting chemicals were La(NO3)3·6H2O (99.9%, A.R., Alfa-Aesar), Sr(NO3)2 (99%, A.R., 
Sigma-Aldrich), Co(NO3)2·6H2O (98-102%, A.R., Alfa-Aesar), Fe(NO3)3·9H2O (98%, Sigma-
Aldrich), ammonium niobate oxalate hydrate (C4H4NNbO9·xH2O, 99.99%, Sigma-Aldrich), 
anhydrous citric acid (99.5%, A.R., Chem Supply), ethylenediaminetetraacetic acid (EDTA, 
99%, Acros Organics), and ammonia solution (28%w.w., Sigma-Aldrich) with a molar ratio of  
1:1.5:1(metal ions/citric acid/EDTA). The resultant gel powders were calcined at 900 °C in air 
for 2 h. Er0.4Bi1.6O3 (ESB) decorated LSCFNb electrode powder with a weight percentage of 
40 wt.% ESB and 60 wt.% LSCFNb was synthesized by sol-gel method. The use of 40wt% 




ESB is based on the percolation limit of conductive phase in the composite.56 ESB aqueous 
precursor solution consisting of Er(NO3)3·5H2O (99.9%, A.R., Sigma-Aldrich), 
Bi(NO3)3·5H2O (98%, A.R., Sigma-Aldrich), EDTA, anhydrous citric acid and ammonia was 
constantly stirred on a heating stage (the precursor solution will produce 4 grams of ESB 
powder after calcination). Then 6 grams of LSCFNb powder was added to the ESB precursor 
solution and stirred until the gelation starts. The resultant gel was further dried at 150oC for 8 
h in an oven and then calcined at 600oC in air for 2h, forming ESB decorated LSCFNb powder 
(ESB-LSCFNb). The ESB-LSCFNb powder was mechanically blended with the ink vehicle 
(Fuel Cell Materials, US) with a weight ratio of 7:3 using a mortar and pestle to obtain cathode 
ink. LSCFNb-YSZ oxide couples with a weight ratio of 5:5 were also made and heat treated at 
750, 800, 850 and 900 oC in air for 2 h.  
Ni-YSZ anode-supported YSZ electrolyte cells (φ 15 mm × 0.8 mm) were prepared by spin 
coating method followed by co-sintering at 1450oC for 5h.57 For the anode support, NiO (J.T. 
Baker), 8 mol% Y2O3-doped ZrO2 (YSZ, Tosoh) powder and tapioca were blended with a 
weight ratio of 5:5:2.5. The anode functional layer (AFL) was fabricated by mixing YSZ and 
NiO with a weight ratio of 5:5. The thickness of the NiO-YSZ support, AFL and YSZ film was 
800, 9 and 11 μm, respectively. The LSCFNb and ESB-LSCFNb cathode pastes were directly 
screen-printed onto the YSZ electrolyte and then dried at 100 oC for 2 h to obtain the directly 
assembled LSCFNb/YSZ and ESB-LSCFNb/YSZ cells. Gold paste (Gwent Electronic 
Materials Ltd, UK) was painted on the electrode surface and dried at 150 oC, serving as the 
current collector. The cathode has a geometric area of 0.2 cm2 with a thickness of ~19 μm. 
Stability test was performed at 750 oC and 250 mA cm-2 for 100 hrs. In order to study the 
influence of cathodic polarization on the electrode/electrolyte interface, an anode supported 
cell with directly assembled electrode was dwelled at 750 oC for 100 hrs without polarization 
treatment, i.e., under open circuit condition. 




YSZ electrolyte-supported cells were also prepared to study the electrochemical impedance 
behaviour of LSCFNb and ESB-LSCFNb electrodes for the oxygen reduction reaction via a 
three-electrode configuration.58 YSZ electrolyte discs were fabricated by die pressing YSZ 
powder, followed by sintering at 1450ºC for 5 h. The thickness and diameter of the YSZ 
electrolyte pellet were 1.0 mm 20 mm, respectively. Platinum ink (Gwent Electronic Materials 
Ltd., UK) was printed at the centre and edge of the YSZ pellet as the counter and reference 
electrodes, followed by sintering at 1100 oC for 2 h. Cathode paste was painted on the other 
side of the YSZ electrolyte, symmetrically opposite to the platinum counter electrode. 
2.2. Characterization 
The anode supported YSZ electrolyte cells were sealed onto Al2O3 tubes using a ceramic 
sealant (Ceramabond 552, Aremco Products Inc.). H2 at a flow rate of 50 mL min
-1 was 
supplied to the NiO-YSZ anode and the cathode was exposed to the ambient air. The NiO-YSZ 
anode was reduced in H2 at 750 
oC for 1 h before the electrochemical tests. The electrochemical 
impedance, polarization curves and stability curves were recorded using a electrochemical 
workstation (Gamry Reference 3000 Potentiostat) at a temperature range of 600 -750 oC. The 
electrochemical impedance was recorded in a frequency range of 100 mHz to 100 kHz with a 
signal amplitude of 10 mV under open circuit conditions. Electrode ohmic resistance (RΩ) was 
obtained from the high frequency intercept, and electrode polarization resistance (Rp) was 
calculated from the differences between the high and low frequency intercepts of the 
impedance curves.59 The operation stability of the cell was recorded under a constant current 
of 250 mA cm-2 at 750 oC. In order to ensure the reproducibility, the measurements were 
repeated at least on two different cells. Activation energy of LSCFNb and ESB-LSCFNb 
cathodes for the oxygen reduction reaction was obtained from the slope of the Arrhenius plots 
of Rp by the impedance measurements in the temperature range of 600-800 
oC on YSZ 
electrolyte-supported cells.  




The phases of the prepared cathode powders and the LSCFNb-YSZ oxide couple calcined 
at different temperatures were identified by a Bruker D8 Advance X-ray diffractometer (XRD) 
equipped with a copper Kα source. The microstructure of the YSZ electrolyte surface in contact 
with LSCFNb and ESB-LSCFNb cathodes was studied by scanning electron microscopy (SEM, 
Zeiss Neon 40EsB). To examine the morphology of the YSZ electrolyte surface, the electrode 
coating was completely removed by hydrochloric acid (HCl, 32 wt%, Sigma-Aldrich) 
treatment, and in some occasions, the electrode was partly peeled off to investigate the 
electrode/electrolyte interface. YSZ electrolyte lamella in contact with the cathode particles 
was prepared with a thickness of around 60 nm using a Dual Beam Focused Ion Beam - 
Scanning Electron Microscope (FIB-SEM, Helios Nanolab G3 CX, FEI company) with Ga+ 
ion source at 30 kV. The FIB milled lamellae were examined using a high angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM, FEI Titan G2 80-200 
TEM/STEM with ChemiSTEM Technology) at 200 kV to obtain the EDS elemental mapping 
results and microstructural micrographs. TEM Imaging & Analysis software (TIA, FEI 
Company) was used to extract the fast Fourier transform (FFT) images from the TEM 
micrographs, in order to study the diffraction behavior of selected regions.  
3. Results and Discussion 
3.1. Thermal compatibility and microstructure of cathode powder and cell 
Figure 1a presents the XRD pattern of the LSCFNb-YSZ oxide couples after heat treatment 
at 750, 800, 850 and 900oC. XRD peaks for the pure perovskite and cubic phases were 
identified for the LSCFNb and YSZ oxides after the calcination at 750, 800 and 850oC. The 
oxide couple started to react at 900oC, forming SrZrO3 phase. The SrZrO3 (002), (040) and 
(042) planes were identified at 30.8 o, 44.7 o and 54.9 o.60-61 However, in the case of LSCF-YSZ 
oxide couple, the reaction starts at a temperature as low as 800oC.62-63 This implies that the Nb 




doping evidently improves the chemical compatibility between LSCFNb and YSZ. However, 
bismuth oxide may not be stable at temperatures of ~850 oC. Therefore, to avoid the possible 
decomposition and instability of ESB in the ESB-LSCFNb composite electrodes, test has been 
carried out at a low temperature of 750 oC in this study. The cross-section of the anode-
supported YSZ electrolyte cell with ESB-LSCFNb cathode after the electrochemical tests is 
also shown in Figure 1b. A good contact between the porous cathode and the dense YSZ 
electrolyte was observed. The thickness of the electrolyte was ~10 µm. The STEM-EDS 
mapping showed the uniformly distributed LSCFNb nano-particles with a dimension of 154 ± 
43 nm, encapsulated in the ESB network. The results indicate the successful fabrication of ESB 
decorated LSCFNb electrodes and directly assembled on barrier-layer-free YSZ electrolyte cell.  
3.2. Electrochemical performance and microstructure of electrode/electrolyte interface 
Figure 2 presents the electrochemical performance results of anode-supported YSZ 
electrolyte cells with directly assembled LSCFNb and ESB-LSCFNb cathodes polarized at 250 
mAcm-2 and 750oC. For the cell with ESB-LSCFNb cathode, the peak power density (PPD) is 
1.32, 0.78, 0.45 and 0.24 W cm-2 at 750, 700, 650 and 600 oC, respectively (Figure2a). RΩ of 
the cell is 0.07, 0.10, 0.16 and 0.27 Ω cm2 at 750, 700, 650 and 600 oC, respectively, and Rp of 
the cell is 0.40, 0.68, 1.33 and 3.00 Ω cm2 at 750, 700, 650 and 600 oC, respectively (Figure2b). 
As a comparison, the cell with directly assembled LSCFNb cathode was also tested. The PPD 
of the LSCFNb cell is 0.53 W cm-2 at 750oC, which is much lower as compared to 1.32 W cm-
2 acquired on the ESB-LSCFNb cell (Figure 2c). The impedance of the LSCFNb cell is also 
much higher than that of ESB-LSCFNb cell. For example, RΩ and Rp of the LSCFNb cell are 
0.29 and 0.50 Ω cm2 at 750oC, respectively, significantly larger than 0.07 and 0.32 Ω cm2 
obtained on ESB-LSCFNb cells under identical test conditions. Rp of LSCFNb cell is also 
larger than 0.27 Ω cm2 for the cell with directly assembled LSCF cathode under similar test 
conditions.55 This indicates that Nb doping reduces the electrocatalytic activity of LSCF 




electrode for ORR, in good agreement with that reported on Nb-doped Ba0.5Sr0.5Co0.8Fe0.2O3- 
(BSCF) membranes.64 
The low polarization resistance of the cell with ESB-LSCFNb cathode is clearly due to the 
much higher electrocatalytic activity of the ESB-LSCFNb electrode for ORR. As shown in 
Figure 2e, Rp of the ESB-LSCFNb composite cathode on YSZ electrolyte supported cell is 7.2 
Ω cm2 at 600 oC, which is significantly smaller than 55.2 Ω cm2 obtained on LSCFNb cathode. 
Most importantly, activation energy of Rp for the ORR on the ESB-LSCFNb composite 
electrode is 98 kJ mol-1, substantially lower than 214 kJ mol-1 acquired on LSCFNb electrode 
(Figure 2f). The results indicate that the ESB decoration significantly reduces the activation 
energy and improves the electrocatalytic activity of the electrode for ORR. This implies that 
decorated ESB is most effective to enhance the activity of LSCF-based cathode at reduced 
temperatures. The ESB-LSCFNb cell was stable with negligible change in the cell voltage after 
polarization at 750 oC and 250 mAcm-2 for 100 hrs (Figure 2g). The initial cell voltage was 
0.96 V and slightly decreased to 0.90 V after cathodic polarization for 100 hrs. However, 
different from that of ESB-LSCFNb cell, the cell with LSCFNb cathode was not stable and the 
cell voltage decreased rather significantly from 0.87 V to 0.72 V under similar testing 
conditions (Figure 2h). 
The morphology of YSZ electrolyte surface in contact with directly assembled LSCFNb and 
ESB-LSCFNb cathodes is shown in Figure 3. The cathodes were either peeled off using 
adhesive tape (Figure 3b,d,f) or removed by acid treatment (Figure 3a,c,e). The YSZ surface 
in contact with LSCFNb cathode was characterized by the formation of large number of ring-
shaped contact craters with a dimension of 0.34 ± 0.15 μm (inset in Figure 3a). As shown in 
Figure 3b, a large number of island structure were observed after the LSCFNb cathode was 
peeled off using sticky tape. These islands have a dimension of 0.53 ± 0.25 μm, which is close 
to that of the ring-shaped craters observed on the electrolyte. The change in the surface 




morphology of the YSZ electrolyte clearly indicates the significant interaction between 
LSCFNb cathode and YSZ electrolyte during the cathodic polarization. In contrast, in the case 
of the ESB-LSCFNb cell, the YSZ electrolyte surface was reasonably smooth and flat after the 
cathodic polarization at 750 oC and 250 mA cm-2 for 100 hrs, and the size of ring-shaped contact 
craters was much smaller (0.17 ± 0.15 μm) (Figure 3c), as compared to that on YSZ surface in 
contact with LSCFNb cathode (Figure 3a). There was also formation of island structures on 
the YSZ surface but different to that observed on the YSZ electrolyte surface of the LSCFNb 
cell, the islands appear to consist of small particles deposited on a plate-like layer with size in 
the range of 0.77 ± 0.44 µm (Figure 3d), substantially larger than that of the ring-shaped contact 
craters. Without cathodic polarization, the YSZ surface in contact with ESB-LSCFNb cathode 
was smooth and no contact marks were observed (Figure3e), indicating that no reactions 
occurred between ESB-LSCFNb cathode and YSZ electrolyte at 750 oC under open circuit 
conditions. The particles left on the YSZ electrolyte surface after the cathode coating was 
removed by adhesive tape were ESB-LSCFNb cathode particles (Figure 3f). The morphology 
of the ESB-LSCFNb composite cathode particles is similar to the as-synthesized ESB-LSCFNb 
powder as shown in Figure 1c. This indicates again that the ring-shaped contact craters 
observed on YSZ electrolyte surface in contact with LSCFNb and ESB-LSCFNb cathode are 
induced by the cathodic polarization treatment.  
3.3. LSCFNb/YSZ interface 
Figure 4 presents the HAADF micrograph and STEM-EDS element mapping of the 
LSCFNb/YSZ interface region of a directly assembled LSCFNb cell after cathodic polarization 
at 250 mA cm-2 and 750oC for 100 hrs. A thick layer (~100 nm) with different contrast to that 
of dense YSZ electrolyte and porous LSCFNb cathode was observed between the cathode and 
electrolyte. The size of this reaction phase was 0.54 µm, similar to the size of island structures 
(0.53 ± 0.25 μm) observed in Figure 3b. The originally flat YSZ surface became curved 




(indicated by arrow in Figure 4a), corresponding to the ring-shaped convex contact craters (see 
Figure 3a). The mapping results clearly identified the LSCFNb cathode and YSZ electrolyte. 
For the reaction layer at the cathode/electrolyte interface, a strong accumulation of Sr and Zr 
was detected. This implies the possible formation of SrZrO3 layer under the influence of 
cathodic polarization, similar to that observed for the directly assembled LSCF cathode on YSZ 
electrolyte.63 The accumulation of Sr at the interface region implies the substantial Sr 
segregation and diffusion under cathodic polarization conditions, in good agreement with that 
reported in the literature.65-67 Different to the conventional chemical reaction between two 
phases, such surface segregation induced chemical reaction can occur at a much lower 
temperature. Yung et al. observed the chemical reaction between BSCF cathode and 
Ce0.8Sm0.2O1.95 and Ce0.9Gd0.1O1.95 electrolytes at 700 
oC under the influence of cathodic 
polarization.68 Without the influence of polarization, such reaction only occurs at 900 oC. The 
reaction has been attributed to the Ba segregation induced by cathodic polarization. 
The reaction layer at the electrode/electrolyte interface of the directly assembled LSCFNb 
cell was examined by FIB-STEM (Figure 4b). The reaction layer has an intimate contact with 
the YSZ electrolyte. The {103}SrZrO3 lattice planes with a plane spacing of 0.18 nm indicate the 
formation of SrZrO3 phase in the reaction layer, while the YSZ phase was identified by the 
{200}YSZ planes with plane spacing of 0.25 nm. The FFT image of YSZ phase shows a typical 
cubic structure, taken along [001]YSZ zone axis.
69 In this case, the {200}YSZ and {103}SrZrO3 
lattice planes meet at the interface with the corresponding orientation relationship, 
θ{103}SrZrO3/{200}YSZ of 44.7o and a mismatch factor (f) of 28.0%. The occurrence of the lattice 
plane distortion was observed in the interface region. The lattice distortion is widely observed 
for hetero-interfaces, in order to accommodate the lattice mismatch between two different 
phases.70-72 This study indicates the substantial Sr segregation of Nb doped LSCF (LSCFNb), 
different from the suppressed Sr segregation reported on Nb-doped cobaltite perovskite cathode 




on GDC electrolyte.54, 73 The reason may be related to the direct contact between the SrO and 
YSZ electrolyte, which leads to the formation of SrZrO3 and in turn accelerates the Sr 
segregation. 
3.4. ESB-LSCFNb/YSZ interface 
Figure 5 shows the HAADF micrograph and STEM-EDS mapping of the cathode/electrolyte 
interface of a directly assembled ESB-LSCFNb cell after cathodic polarization at 250 mAcm-2 
and 750oC for 100 hrs. Very different from that observed on the LSCFNb cell, the YSZ surface 
was flat and no curvature on the electrolyte surface in contact with ESB-LSCFNb electrode 
was observed, indicating a very stable interface between ESB-LSCFNb cathode and YSZ 
electrolyte even after the cathodic polarization at 250 mAcm-2 and 750 oC for 100 hrs.  Except 
individual and isolated Sr-rich areas/particles with size in the range of 10-40 nm, La and other 
elements of LSCFNb (not shown for clarity of the data) were uniformly distributed, indicating 
that Sr segregation and diffusion of LSCFNb electrode under polarization conditions are 
significantly suppressed by the ESB decoration. In contrast to the uniform distribution and 
network of bismuth in the original ESB decorated LSCFNb powders (see Figure1c), there was 
almost no bismuth present in the LSCFNb particles at the cathode/electrolyte interface. Instead, 
there was a clear accumulation and enrichment of Bi on the electrolyte surface between YSZ 
and LSCFNb particles. The Bi layer is not uniform and appears to fill the open space on the 
electrolyte surface between the LSCFNb particles. The thickness of this bismuth oxide layer 
varies significantly between a few nm to 100-200 nm. The remarkable change in the 
distribution of Bi and its migration at the interface region in the ESB-LSCFNb cell evidently 
occurred under the influence of the cathodic polarization. The clear boundary between bismuth 
oxide and LSCFNb phase also indicates no chemical reaction between LSCFNb and ESB. No 
Zr was observed in the ESB-LSCFNb cathode, indicating that there is no cation interdiffusion 
between YSZ electrolyte and ESB-LSCFNb electrode. The diffusion and accumulation of 




bismuth at the interface was also observed on the bismuth oxide decorated Sm0.96Co0.95Pd0.05O3-
 oxygen electrodes of reversible solid oxide cells after polarization at 500 mA cm-2 and 750 
oC for 500 hrs.50  
The microstructure of the accumulated bismuth layer on the electrolyte surface was 
examined by HRTEM, taken along [011]ESB zone axis (Figure 5b). The migrated ESB phase 
has established an intimate contact with the YSZ electrolyte, and the ESB/YSZ interface was 
very sharp and abrupt as a result of their similar intrinsic cubic structure with space group 
symmetry of Fm-3m and lattice constants of 5.48 Å and 5.13 Å, respectively.74-75 From the 
interface region, the {111}YSZ lattice planes with a plane spacing of 0.29 nm and the {111}ESB 
lattice planes with a plane spacing of 0.33 nm are associated with YSZ and ESB phases, 
respectively. The {111}YSZ and {111}ESB planes meet and match at the interface, with 
orientation relationship of 9.4o and mismatch factor of 12.1%. Lattice distortion for the two 
phases was also observed around the interface, but no additional or amorphous phases were 
found at the ESB/YSZ interface. The formation of an ESB layer at the interface would act as a 
barrier layer, preventing the direct contact and subsequent reactions between the segregated 
SrO and YSZ electrolyte. This explains the high performance and stability of the ESB-LSCFNb 
cells tested at 750 oC and 250 mAcm-2 for 100 hrs (Figure2). 
In order to confirm the in situ formation of ESB interlayer on YSZ electrolyte induced under 
the influence of cathodic polarization, an anode supported cell with directly assembled ESB-
LSCFNb electrode was prepared. Figure 6 presents the HAADF micrograph and STEM-EDS 
element mapping results for the cathode/electrolyte interface of the as-prepared ESB-LSCFNb 
cell after dwell at 750 oC for 100 hrs with no polarization. LSCFNb particles were identified 
with size of 129 ± 72 nm. ESB phase was characterized by fine and needle-like particles, 
probably due to dwell at 750 oC for 100 hrs, and uniformly distributed between LSCFNb 
particles, similar to the as-synthesized ESB-LSCFNb composite powder (Figure 1c). No 




specific accumulation or diffusion of bismuth toward the YSZ electrolyte surface was observed. 
This evidently indicates that the re-distribution and migration of ESB phase toward YSZ 
electrolyte does not occur at 750 oC under open circuit conditions. This in turn demonstrates 
that decorated ESB phase comes out of the ESB-LSCFNb composite and is driven to the YSZ 
electrolyte under the influence of cathodic polarization conditions, forming a bismuth 
interlayer at the LSCFNb cathode/YSZ electrolyte interface region (see Figure 5).  
3.5. Effects of polarization on Sr segregation and ESB-LSCFNb/YSZ interface formation 
The results of the present study clearly demonstrate the influence of cathodic polarization 
on the Sr segregation and electrode/electrolyte interface formation for LSCFNb/YSZ and ESB-
LSCFNb/YSZ cells. In the case of LSCFNb/YSZ cell, a significant Sr segregation and diffusion 
was observed on the electrolyte surface, leading to the formation of ring-shaped contact craters 
on the electrolyte surface. The segregated SrO is highly mobile 5, 76-77 and reacts with YSZ, 
forming a thick layer of SrZrO3, similar to that observed in LSCF/YSZ cell.
67 This in turn 
indicates that the direct contact between segregated SrO and YSZ accelerates the Sr segregation 
despite the Nb doping at the B-site of LSCF.  
In the case of ESB-LSCFNb/YSZ cell, ESB decoration significantly improves the 
electrocatalytic activity and stability of the LSCFNb cathode. The anode supported YSZ 
electrolyte cell with ESB-LSCFNb cathode exhibits a much higher PPD (1.32 W cm-2) than 
that of LSCFNb cell (0.53 W cm-2) at 750oC. In contrast to the LSCFNb cell, the YSZ surface 
in contact with ESB-LSCFNb electrode is very stable. The stable interface is clearly due to the 
redistribution and diffusion of the ESB phase, forming a bismuth oxide layer at the 
cathode/electrolyte interface under the influence of cathodic polarization, as shown in Figure 
5. The migration of bismuth oxide phase was also reported by others.78-79 Lee et al.78 prepared 
the ESB-LSM composite cathode by a conjugated reverse-strike co-precipitation and glycine-




nitrate combustion method and observed the formation of a continuous nano-scale ESB layer 
(~50 nm) at the electrode/YSZ electrolyte interface after polarization test. The formation of 
thin ESB layer was attributed to its high wettability and mobility due to the low melting 
temperature of bismuth oxide (~827oC). Fan et al.79 also observed a dense Bi2O3-LSCF film at 
the electrode/electrolyte interface on 1 mol% Bi2O3-LSCF composite electrode after 
polarization and proposed that the addition of Bi2O3 into LSCF promoted the formation of 
eutectic liquid, which flows down to the electrolyte surface to form a dense layer. In the present 
study, the HAADF and STEM-EDS element mapping of the cathode/electrolyte interface of 
anode supported YSZ electrolyte cells with ESB-LSCFNb cathodes before and after 
polarization evidently demonstrates that ESB is separated from the mixed ESB-LSCFNb phase 
and migrates to the electrolyte surface, forming an interlayer at the electrode/YSZ electrolyte 
interface. The formed interlayer is irregular in shape and much thicker than that observed by 
Lee et al on ESB/LSM cathode/YSZ electrolyte interface.78 This indicates the high mobility of 
the decorated ESB phase under the SOFC operating conditions. The possible formation of 
eutectic phase with LSCFNb can be ruled out as no LSCFNb elements were observed in the 
ESB layer at the interface (see Figure5a). The presence of the highly oxygen ionic conducting 
ESB layer at the interface not only improves the electrocatalytic activity of the LSCFNb 
cathode, but also promotes the rapid ion migration at the electrode/electrolyte interface.49, 78 
The in situ formed ESB layer acts as a barrier layer to prevent the reaction between the 
segregated SrO and YSZ, inhibiting the formation of SrZrO3 at the cathode/electrolyte interface 
and thus preventing the further segregation of Sr (Figure 5a). Figure 7 shows the schematic 
diagram of the fabrication of ESB-LSCFNb electrode via decoration method and the in situ 
formation of ESB layer at the cathode/electrolyte interface region under the influence of 
cathodic polarization. 




In general, direct addition of ESB interlayer between electrolyte and cathode would require 
high temperature sintering to form the strong adhesion between the ESB interface and 
electrolyte before the application of the cathode. However, due to the low decomposition 
temperature, pre-sintering of ESB interlayer may not be feasible. As shown in this study, ESB 
functional layer is formed in situ under the influence of polarization at operation temperatures 
of 750oC, which is below the decomposition temperature of bismuth oxide. The in situ 
formation of the ESB functional layer occurs under normal operation conditions and does not 
require additional cell fabrication procedures. This also greatly simplifies the manufacturing 
process and thus reduces the cost of SOFCs. 
4. Conclusions 
The ESB decorated LSCFNb nanostructured cathode powder was successfully fabricated in 
the present study and the influence of ESB decoration on the electrochemical performance, 
electrode/electrolyte interface formation and Sr segregation of the LSCFNb/YSZ cell was 
investigated in detail via. combined FIB-STEM technique. The results show evidently that the 
cell with the directly assembled ESB-LSCFNb electrode exhibits a much higher peak power 
density, 1.32 W cm-2 at 750 oC as compared to the 0.53 W cm-2 for the cell with LSCFNb 
electrode. The ESB-LSCFNb/YSZ cell also shows excellent stability under the cathodic 
polarization at 750 oC and 250 mA cm-2 for 100 hrs.  In the case of the directly assembled 
LSCFNb/YSZ cell, there is significant reaction between the segregated SrO and YSZ 
electrolyte, forming a thick SrZrO3 layer between LSCFNb electrode and YSZ electrolyte and 
characterized by the formation of ring-shaped convex craters on the electrolyte surface. On the 
other hand, in the ESB-LSCFNb/YSZ cell, the decorated nano-scaled ESB comes out of the 
ESB-LSCFNb composite and deposits at the cathode/electrolyte interface. The fundamental 
reason for its high wettability and mobility is most likely due to the low melting temperature 
of bismuth oxide (~827oC).  




The in situ formed ESB layer functions as barrier layer to prevent the direct contact and 
interaction between the segregated SrO and YSZ and promotes the ORR of the LSCFNb 
electrode. The significantly reduced activation energy for the ORR on ESB-LSCFNb cathode 
implies that ESB decoration is most effective for the enhancement of the electrocatalytic 
activity at reduced temperatures. The present study clearly demonstrates the dynamic 
relationship between interface, segregation, and performance of bismuth oxide decorated 
electrode materials for fuel cells. The in situ formation of highly active and functional ESB 
interlayer demonstrated the promising potential of the approach for the development in 
intermediate temperature SOFCs. 
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Figure 1. (a) XRD results of LSCFNb-YSZ oxide couples (1:1, w:w) sintered at 750, 800, 850, 
900 oC for 2 h in air, (b) SEM image of the cross-section of an anode-supported YSZ electrolyte 
cell with a directly assembled ESB-LSCFNb cathode after the test. (c) STEM-EDS element 
mapping of as prepared ESB-LSCFNb cathode powder.  
 
  





Figure 2. Electrochemical performance of anode support cell with directly assembled LSCFNb 
and ESB decorated LSCFNb (ESB-LSCFNb) cathodes as a function of polarization time at 
750oC and 250mA cm-2. (a) Polarization curves and (b) impedance spectra of the cell with 
ESB-LSCFNb cathode as a function of temperature. (c,d) Polarization curves and impedance 
curves of the cells with LSCFNb and ESB-LSCFNb cathodes at 750oC. (e) Impedance curves 
of the LSCFNb and ESB-LSCFNb cathodes on YSZ electrolyte supported cells measured at 
600 oC. (f) Activation energy plots of Rp of LSCFNb and ESB-LSCFNb cathodes. Stability of 
the anode-supported cell with directly assembled (g) ESB-LSCFNb and (h) LSCFNb cathodes 










Figure 3. SEM micrographs of YSZ electrolyte surface in contact with directly assembled (a,b) 
LSCFNb, and (c,d) ESB decorated LSCFNb cathodes after polarization at 750oC and 250 
mAcm-2 for 100 hrs. The YSZ surface with directly assembled ESB decorated LSCFNb 
electrode before polarization is also shown in (e,f). The cathodes were removed by (a,c,e) acid 
treatment or by (b,d,f) adhesive tape. The inset (*) in (a) is the cross-section of the convex-
shaped rings and red boxes in (b,d,f) indicate the locations for FIB milling. 
 





Figure 4. (a) STEM-EDS element mapping and (b) HRTEM and FFT images of the 
LSCFNb/YSZ interface of an anode supported YSZ electrolyte cell with a directly assembled 
LSCFNb electrode after polarization at 250 mAcm-2 and 750oC for 100 hrs. The red arrows in 
(b) indicate the lattice distortion.  
  





Figure 5. (a) STEM-EDS element mapping and (b) HRTEM and FFT images of the ESB-
LSCFNb/YSZ interface of an anode supported YSZ electrolyte cell with a directly assembled 
ESB-LSCFNb electrode after polarization at 250 mAcm-2 and 750oC for 100 hrs. The red 
arrows indicate the lattice distortion.  
  






Figure 6. STEM-EDS element mapping of the ESB-LSCFNb/YSZ interface of an anode 
supported YSZ electrolyte cell with a directly assembled ESB-LSCFNb electrode after dwell 
at 750 oC for 100 hrs without polarization.  
 
  






Figure 7. Schematic diagram of (a) the synthesis of ESB-LSCFNb composite cathode by 
decoration method and (b) the ESB-LSCFNb/YSZ interface formation under the influence of 
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